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ABSTRACT
Context. Main Belt Comets are a recently identified population of minor bodies with stable asteroid-like orbits but cometary appear-
ances. Sublimation of water ice is the most likely mechanism for their recurrent activity (i.e. dust tails and dust comae), although there
has been no direct detection of gas. These peculiar objects could hold the key to the origin of water on Earth.
Aims. In this paper we present a search for the gas responsible for lifting dust from P/2012 T1 (Pan-STARRS), and review previous
attempts at such measurements. To date such searches have mainly been indirect, looking for the common cometary gas CN rather
than gasses related to water itself.
Methods. We use the VLT and X-shooter to search for emission from OH in the UV, a direct dissociation product of water.
Results. We do not detect any emission lines, and place an upper limit on water production rate from P/2012 T1 of 8 − 9 × 1025
molecules s−1. This is similar to limits derived from observations using the Herschel space telescope.
Conclusions. We conclude that the best current facilities are incapable of detecting water emission at the exceptionally low levels
required to produce the observed activity in Main Belt Comets.
Key words. Comets: individual: P/2012 T1 (Pan-STARRS); Techniques: spectroscopic
1. Introduction
P/2012 T1 (Pan-STARRS) was discovered in October 2012 and
immediately recognised as a potential new member of the re-
cently identified class of Main Belt Comets (MBCs, Hsieh & Je-
witt 2006). It was the tenth candidate found and the third found
by the Pan-STARRS survey (Tholen et al. 2012). MBCs present
a puzzle – they have stable asteroid-like orbits, yet have comet-
like appearances, implying the presence of volatile ices in their
nuclei despite existing in a thermal environment that rules out
surface ice. Although dust release can be caused by purely aster-
oidal processes – e.g. collisions, rotational break-up, and/or bi-
nary merger (Snodgrass et al. 2010; Stevenson et al. 2012; Jewitt
et al. 2013; Hainaut et al. 2014) – there is indirect evidence that
some MBCs are genuine comets, with activity driven by subli-
mation of ice. The most convincing argument is the repeated ac-
tivity seen in objects such as 133P/Elst-Pizarro and 238P/Read
(Hsieh et al. 2010, 2011), which is very difficult to explain by
any other mechanism. Newer candidates, such as P/2012 T1,
have not been known long enough to see if they repeat their ac-
tivity each orbit, but morphological studies can be used to test
whether a dust tail is due to prolonged activity or single events
(like collisions). Moreno et al. (2013) find that the morphology
of P/2012 T1 is best explained by comet activity lasting a few
months. However, there has not yet been a conclusive proof that
MBCs are sublimation driven, which would be provided by a
direct detection of gas in the coma of one of these comets.
? Based on observations collected at the European Organisation for
Astronomical Research in the Southern Hemisphere under ESO pro-
gramme 290.C-5007(A)
In this paper we review previous attempts to detect out-
gassing from MBCs, before presenting our own VLT/X-shooter
observations of P/2012 T1. We then discuss the implications of
the non-detections, and compare this with expected activity lev-
els.
2. Searches for outgassing from MBCs
Spectroscopy reveals the gaseous species in cometary comae
via various strong fluorescence emission bands, mostly excited
by solar UV radiation. In very bright comets it is possible to
use high-resolution spectroscopy, and/or a wide range of wave-
lengths (ultraviolet [UV], visible light, infrared, sub-mm and ra-
dio), to get a very detailed measurement of the contents of the
coma, even at an isotopic level (e.g. Bockelée-Morvan et al.
2004). From these, we infer the presence of volatile ices (known
as the parent species) in the nucleus. As MBCs are very faint
comets, there is little chance to detect any but the strongest emis-
sion lines. These are found in the UV/visible range; OH at 308
nm and CN at 389 nm are the easiest to detect in most comets.
The OH band is the stronger of the two, but it is more diffi-
cult to observe from the ground due to absorption by ozone in
the terrestrial atmosphere. Therefore CN is the species of choice
for detecting outgassing from a faint comet, and this has been
tried with a number of MBCs (Table 1). None of these attempts
were successful, despite using some of the world’s largest tele-
scopes, but allow upper limits on the gas production to be made.
By assuming a ‘typical’ CN:H2O ratio for a comet, the limit on
CN production is converted into a limit in the water produc-
tion. The limits found all correspond to water production rates
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Q(H2O) ≤ 1026 molecules per second (see Table 1). This value
would be quite low for a Jupiter family comet close to perihe-
lion, but is less constraining at heliocentric distances r ≈ 3 AU,
where much lower activity levels are expected. Searches for CN
have reached the sensitivity limit of current large telescopes, but
do not rule out sublimation as the cause of the very low activity
levels seen in MBCs – these non-detections are not evidence for
a lack of ice (Jewitt 2012).
Moreover, theoretical work suggests that only water ice can
survive in an MBC, and more volatile ices (such as HCN, which
is thought to be the parent species for CN) would have been lost.
Thermal models which calculate the heat conduction into the in-
terior of asteroids find that water ice can survive in MBC-like
orbits when buried at depths of around 100 m, but that the en-
tire interior of a km-scale body will reach a temperature above
the HCN sublimation point (Prialnik & Rosenberg 2009; Capria
et al. 2012). While it is possible to imagine that more volatile
species survive as gas trapped within water ice, they certainly
cannot be retained in large amounts, and will definitely not have
the same relative abundance as other comets.
This means that the assumption of a similar CN:H2O ratio for
MBCs is probably incorrect, and searches for CN gas, as an indi-
cator of ice sublimation, may never succeed, no matter how sen-
sitive. Instead the search must focus on direct detection of water
or its dissociation products (e.g. OH). Two attempts have been
made using the Herschel space telescope to look for water di-
rectly (176P – de Val-Borro et al. (2012); P/2012 T1 – O’Rourke
et al. (2013)), but both provided only upper limits (Table 1). In
the first case the observers were also unlucky that 176P did not
return to activity when predicted – no dust was seen in visible
wavelength images taken at around the same time as the Her-
schel observations (Hsieh et al. 2014). For P/2012 T1 there was
clearly visible dust activity at the time of the Herschel obser-
vations, but no gas was seen. This result is discussed further in
section 4.
3. X-shooter observations of P/2012 T1
3.1. Observations
Our approach, rather than trying to detect water directly, is to
search for the strong UV emission band from OH(0-0) at 308
nm. The photodissociation of H2O → OH+H in cometary co-
mae is well understood, and can therefore be used to obtain re-
liable water production rates from OH line strengths with a few
assumptions. The OH band is also the strongest in typical comet
spectra (e.g. Feldman et al. 2004), and should therefore produce
a clear signal in even low activity comets. The difficulty with
this band is the strong absorption in the terrestrial atmosphere
due to ozone at UV wavelengths, which is around 80% at 308
nm. Good skies, large telescopes and very sensitive instrumen-
tation are therefore required to recover the remaining photons,
and many modern low-to-medium resolution spectrographs do
not even try to get to such blue wavelengths (VLT/FORS, for
example, cuts off below 350 nm by design).
X-shooter is designed to provide medium-to-high resolution
spectroscopy over a very wide wavelength range in one shot,
using three arms optimised for UVB, visible and NIR wave-
lengths (Vernet et al. 2011). Its bluest order covers 300–320 nm,
making it potentially sensitive to OH emission lines in comets.
Combined with the collecting power of the 8 m VLT, detection
of low production rate cometary outgassing should be possible
with X-shooter. The very wide wavelength range (up to 2.5 µm)
also gives another advantage of X-shooter for studying comets –
Table 2. Observations details
UT Date r ∆ α airm. N†obs
(AU) (AU) (deg)
2012/12/14 2.46 1.67 17 1.2 4
2012/12/18 2.47 1.71 18 1.2 - 1.4 6
† Number of observations. Each consists of parallel exposures
of 900s duration in UVB and NIR arms, and 855s in VIS.
many other potential emission lines can also be investigated si-
multaneously, including CN (even if is not expected in MBCs),
and the continuum from the dust can give clues about its compo-
sition. The NIR arm covers the range where solid state absorp-
tion from ice grains in the coma could potentially be detected,
at 1.5 and 2.0 µm. For example, Snodgrass et al. (2016) used
X-shooter to observe 67P/Chuyumov-Gerasimenko around the
time of the Philae landing, although the low activity level of the
comet at the time (at r = 3 AU) and poor visibility (airmass ∼
2) meant that only upper limits on gas production rates could be
measured.
Following the discovery of P/2012 T1 and initial visible
wavelength photometry to assess its total brightness and dust
production, we applied for and were awarded four hours of Di-
rector’s discretionary time to try these challenging X-shooter ob-
servations. The observations took place in service mode during
dark time in December 2012, within three months of the initial
discovery. Details on the observing geometry are given in Table
2. We used slit widths 1.0, 0.9 and 0.9 arcsec in the UVB, VIS
and NIR arms, respectively. We also observed the solar analogue
star SA93-101 immediately after the comet on both nights.
3.2. Data reduction
We first processed the data using the X-shooter pipeline
(Modigliani et al. 2010), which performed the following steps:
bias-subtraction, cosmic ray detection and removal, flat-fielding,
wavelength-calibration and order-merging. Our target was rather
faint, especially in the bluest orders of the UVB arm, where the
signal level was very low. In order to get reliable signal, we ex-
tracted the 1D spectrum from a two-dimensional image using the
apall procedure from IRAF. We only applied flux calibration to
the UVB section, where the important OH and CN emission lines
are located. We removed telluric absorption features as well as
the solar gradient via dividing the comet spectrum by that of the
solar analogue star, SA93-101. The resulting reflectance spec-
trum is shown in fig. 1.
3.3. Dust continuum
The reflectance spectrum has a remarkably flat slope, in agree-
ment with the Keck spectrum published by Hsieh et al. (2013),
and in contrast to the red slopes typically seen in most comets
(e.g. Hadamcik & Levasseur-Regourd 2009). The neutral slope
of the dust spectrum matches the nucleus spectrum measured
for other MBCs (Licandro et al. 2011), assuming that the coma
and nucleus spectra can be compared. Observations at 67P
showed that the total coma spectrum matched the nucleus (Snod-
grass et al. 2016), but the dust size distribution and grain sur-
face composition can influence coma reflectance properties (e.g.
Kolokolova et al. 2004). The comet spectrum appears rather
weak in the NIR, especially so in the K-band. We therefore
present the NIR portion of the continuum in the J and H band
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Table 1. Previous upper limits on MBC gas production
MBC Telescope r Obs. date Q(CN) Q(H2O) Reference
(AU) molec. s−1 molec. s−1
133P VLT 2.64 2007/07/21 1.3 × 1021 1.5 × 1024 Licandro et al. (2011)
176P* Herschel 2.58 2011/08/08 – 4 × 1025 de Val-Borro et al. (2012)
324P Keck 2.66 2010/10/05 3 × 1023 1 × 1026 Hsieh et al. (2012c)
259P Keck 1.86 2008/09/30 1.4 × 1023 5 × 1025 Jewitt et al. (2009)
288P Gemini 2.52 2011/12/02 1.3 × 1024 1 × 1026 Hsieh et al. (2012b)
GTC 2.52 2011/11/29 1.1 × 1024 – Licandro et al. (2013)
596† Keck 3.1 2010/12/17 9 × 1023 1 × 1027 Hsieh et al. (2012a)
P/2013 R3 Keck 2.23 2013/10/01 1.2 × 1023 4.3 × 1025 Jewitt et al. (2014)
313P Keck 2.41 2014/10/22 1.8 × 1023 6 × 1025 Jewitt et al. (2015)
P/2012 T1 Keck 2.42 2012/10/19 1.5 × 1023 5 × 1025 Hsieh et al. (2013)
Herschel 2.50 2013/01/16 – 7.6 × 1025 O’Rourke et al. (2013)
* 176P was not visibly active (no dust release) at the time of the Herschel observations.
† The dust ejected from (596) Scheila was almost certainly due to a collision, rather than cometary activity (e.g. Bodewits et al.
2011; Ishiguro et al. 2011; Yang & Hsieh 2011).
Fig. 1. Combined X-shooter reflectance spectrum of P/2012 T1. The
UVB and VIS spectra have been binned into intervals of 10Å and the
NIR spectrum has been binned into intervals of 60Å to increase the
signal-to-noise. The two spectral regions, centred at 1.4 and 1.9 µm,
that are heavily contaminated by the telluric absorptions have been cut
out.
only. Although the dust slope appears slightly redder at wave-
lengths > 1µm (4 ± 3 %/1000Å), it is consistent, within the un-
certainty, with the neutral slopes found at shorter wavelengths
(2 ± 2 %/1000Å), with no evidence for absorption features due
to ice or minerals. Again there is a contrast with typical comets,
where the spectral slope changes between the visible and NIR
(e.g. Snodgrass et al. 2016).
3.4. Search for gas emission
Figure 2 shows the combined, flux calibrated, spectrum (with-
out removing the dust continuum) in the region where strong
cometary emission bands are expected. We do not detect any
emission above the noise level. The fluorescence scattering ef-
ficiency (g-factor) of OH is a strong function of heliocentric
velocity due to the complex solar spectrum in this region. Us-
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Fig. 2. Combined flux spectrum of P/2012 T1 (without any solar spec-
trum removal), zoomed in on the UV region around the expected OH
and CN emission bands, which has been smoothed over 20 adjacent
points (about 3.7Å). A rescaled and offset spectrum of 9P/Tempel 1,
obtained by Meech et al. (2011), is overlaid to illustrate the locations of
the OH(0-0) and CN(0-0) emission bands.
ing the heliocentric radial velocity of P/2010 T1 of +1.9 km
sec−1 at this time and the corresponding g-factor calculated by
Schleicher & A’Hearn (1988) of g[OH(0 − 0)] = 1.74×10−15r−2
ergs s−1 molecule−1, our upper limit on the flux corresponds to
a total number of OH molecules within the X-shooter slit of
N(OH) < 4.8 × 1027.
To derive the corresponding upper limit to the sublimation
rate requires the use of a coma density model. To facilitate com-
parison with other comet studies, we first use the common Haser
model (Haser 1957). We adopt the parent and daughter scale-
lengths used by A’Hearn et al. (1995) and a nominal parent
velocity given by vp = 0.85r−0.5 = 0.6 km s−1 (Cochran &
Schleicher 1993). Numerically integrating the resulting theoret-
ical column densities within our slit implies a total production
rate of OH of Q(OH) < 6 × 1025 molecules s−1. As our ob-
servations occurred near solar maximum we use the active Sun
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branching ratio of 0.80 (Huebner et al. 1992), giving a produc-
tion rate of Q(H2O) < 8 × 1025 molecules s−1 from the Haser
model.
Although this result is directly comparable with many other
analyses, the analytical Haser model contains several unphysical
assumptions. Therefore we have also calculated an upper limit to
Q(H2O) using a version of the Monte Carlo model first described
by Combi & Delsemme (1980). We use a Maxwellian veloc-
ity distribution for the parent H2O molecules, and we assume
ejection only from the sunward hemisphere with a distribution
proportional to cos θ, where θ is the subsolar latitude. The true
photodissociation lifetimes of H2O and OH are dependent on the
variable FUV and solar H-α flux. From solar indices measured
during our observations and the relationships given by Budzien
et al. (1994), we use lifetimes against dissociation at 1 AU of
τ(H2O) = 8.9 × 104 s and τ(OH) = 1.5 × 105 s. An analysis of
previous ground-based measurements of outflow velocities was
performed by Tseng et al. (2007), but these were all for comets
with Q(H2O) ≥ 1028 molecules s−1. Instead we utilise the mea-
surements made by the MIRO instrument onboard Rosetta when
it arrived at 67P in August 2014 and the nucleus was in a low-
activity state. Lee et al. (2015) found a clear correlation between
the terminal expansion velocity and production rate of H2O, with
vp ' 0.73 km sec−1 for production rates of Q(H2O) ≥ 1025
molecules s−1 when the comet was at r ' 3.5 AU. Assuming
a vp ∝ r−0.5 relationship as expected from sublimation theory,
we therefore assume vp = 0.8 km s−1 for P/2012 T1 at the
time of our observations. With these parameters and again us-
ing a branching ratio of 0.8, we obtain Q(H2O) < 9 × 1025
molecules s−1.
We have performed similar modelling for our upper limit to
the CN ∆ν = 0 flux. With a g-factor of 3.12 × 10−13r−2 ergs
s−1 molecule−1 (Schleicher 2010), the number of CN molecules
in our slit is N(CN) < 4.0 × 1024. Haser modelling then gives
a production rate of Q(HCN) < 3 × 1022 molecules s−1, as-
suming all CN is a photodissociation product of HCN. For the
Monte Carlo model we use the same outflow velocity as be-
fore of 0.8 km s−1 and photodissociation lifetimes from Huebner
et al. (1992) for an active sun of τ(HCN) = 3.2 × 104r2 s and
τ(CN) = 1.35 × 105r2 s. Using these parameters resulted in the
same upper limit of Q(HCN) < 3 × 1022 molecules s−1.
4. Discussion
4.1. Comparison with previous searches for gas emission
There are two previously published attempts to detect gas emis-
sion from P/2012 T1: a spectrum covering the CN region using
the Keck telescope (Hsieh et al. 2013), and a search for water
using the ESA Herschel space telescope (O’Rourke et al. 2013).
Neither attempt was successful. Hsieh et al. (2013) derived an
upper limit of Q(CN) < 1.5 × 1023 molecules s−1 using a Haser
model. Assuming a ratio Q(CN)/Q(OH) = 3 × 10−3 as found in
normal comets (A’Hearn et al. 1995) and a branching ratio of 0.9
this corresponded to Q(H2O) < 5 × 1025 molecules s−1. Our im-
proved limit on CN production from our X-shooter observations,
assuming the same composition, implies a water production limit
of Q(H2O) < 1×1025 molecules s−1. This improvement is largely
due to the significantly longer total integration time used at the
VLT compared to the Keck observations, and UVB arm of X-
shooter being very efficient around the CN band.
The Herschel observation has the unique advantage of
searching directly for water, and found a limit of Q(H2O) <
7.63 × 1025 molecules s−1 (O’Rourke et al. 2013). Although
Fig. 3. Upper limits on water production, via CN or direct (H2O or OH).
Water production rate for 67P, as a typical JFC, shown by dashed line
for comparison (empirical fit to inbound data – Hansen et al. 2017). Our
X-shooter results are highlighted by the dotted box.
higher than the result from CN, there are less assumptions in-
volved in this upper limit and we therefore regard it as the best
previous limit on water production from a MBC. The limit on
water production derived from our X-shooter search for OH
emissions is Q(H2O) < 9 × 1025 molecules s−1, similar to the
Herschel value. Additionally, the Herschel observations took
place approximately one month after our VLT observations, due
to pointing constraints to keep the telescope behind its sun-
shade, where according to the lightcurve of Hsieh et al. (2013)
activity had decreased since the epoch of our observations.
In Fig. 3 we show these various upper limits, along with the
other attempts for MBCs listed in table 1. It is clear that all upper
limits fall around the same production rate, with a weak trend to-
wards more distant objects having higher (less constraining) lim-
its due to their relative faintness and the g-factor’s g ∝ r−2 depen-
dence. The most constraining limits come from our X-shooter
CN measurement, which had a longer integration time, and the
limit for 133P published by Licandro et al. (2011), which was
derived from a column density through the outer coma region
and a vectorial model, and therefore may not be directly com-
parable. This plot largely shows the limit of sensitivity of the
current generation of large telescopes.
Figure 3 also shows the water production rate for 67P as a
‘typical’ JFC for comparison, which was higher at main belt dis-
tances, demonstrating that these upper limits at least show MBCs
to be very weakly active comets. However, it is worth noting
that attempts to detect CN in 67P from the ground at large r in-
bound also produced only upper limits, with a similar sensitivity
to the MBC searches (Snodgrass et al. 2016): The comparison
between ground-based observations and Rosetta measurements
shows that the CN/H2O ratio varies significantly, even within
one apparition for a single comet.
4.2. Comparison with dust activity
As there are no reported detections of gas associated with MBCs
to date, we use the observed dust coma to estimate the possible
sublimation rate from P/2012 T1. Hsieh et al. (2013) report an
absolute R-band magnitude of mR(1, 1, 0) ' 15.5 within a 5 arc-
sec radius aperture near the epoch of our observations, equiva-
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lent to a comet dust activity index of A fρ ' 10 cm. Moreno et al.
(2013) measured a fainter mR(1, 1, 0) ' 17.3 with a smaller aper-
ture, however as they do not report the aperture size we do not
use their data. Assuming a typical cometary dust particle albedo
of A = 0.04 gives a total dust cross section within the aperture of
6 × 107 cm2. Taking a mean particle diameter of ∼ 10−6 m and
assuming a dust outflow velocity slower than the gas of ∼ 0.1
km s−1 implies a dust production rate of ∼ 7× 1019 particles s−1.
With an assumed density of 1000 kg m−3 this gives a mass loss
rate in dust at this time of ∼ 0.6 kg s−1.
Using sophisticated modelling of the dust coma and tail,
Moreno et al. (2013) calculate a dust mass loss rate at the time of
our observations ∼ 90 days after perihelion of ∼ 0.2−0.3 kg s−1,
within a factor 2–3 of the simplistic calculation above. As P/2012
T1 was observed near perihelion, we assume that H2O sublima-
tion was the main driver of activity. The estimated gas/dust mass
loss ratio varies significantly between normal comets. If we as-
sume a nominal ratio of ∼ 1 for P/2012 T1, this gives a water
sublimation rate of Q(H2O) ∼ 1 − 2 × 1025 molecules s−1. This
is below both our upper limit of Q(H2O) and that of O’Rourke
et al. (2013), but by less than a factor of 10. This strongly in-
dicates that direct detection of OH at future perihelion passages
may be possible if P/2012 T1 exhibits the same level of activity.
Importantly, we also note that this rules out a very high gas/dust
ratio of ≥ 10 for this MBC. It is possible that P/2012 T1 has a
gas/dust ratio < 1, as was observed by Rosetta at 67P (Rotundi
et al. 2015), which would imply a true gas production further
below our derived limit.
Assuming the normal Q(CN)/Q(OH) and branching ratios,
our upper limit for water production based on our CN upper
limit would be Q(H2O) ∼ 1 × 1025 molecules s−1. This is of
the same order as the dust mass-loss rate. As we do not detect
CN, we are led to conclude that this object has a similar or lower
Q(CN)/Q(H2O) than normal comets, or that Q(gas)/Q(dust) <
1, or some combination of both. While this potentially supports
the models of Prialnik & Rosenberg (2009) as discussed above,
it is clear that significantly deeper integrations are required to
further investigate this.
From our upper limit to Q(OH), we can use standard subli-
mation theory to estimate an upper limit to the effective actively
sublimating area. We assume a C-type taxonomy with a geo-
metric albedo of 0.06 (Mainzer et al. 2011) and a phase integral
of 0.3, giving a Bond albedo for the surface of ∼ 0.018. Tak-
ing the vapour pressure and latent heats for H2O from Prialnik
et al. (2004), bare ice would sublimate at a rate of 1.8 × 1021
molecules s−1 m−2. Therefore our non-detection of OH, the up-
per limit of Q(H2O) < 9 × 1025 molecules s−1 corresponds to a
bare ice patch of area ≤ 5 × 104 m2. This in turn corresponds to
0.2% of surface area if the nucleus radius is 1.3 km, which is the
upper limit from photometry taken when the comet was active
(O’Rourke et al. 2013). The active patch could be as much as
4% of the surface if the true size of the nucleus is as small as
smallest known MBC, 259P/Garradd (radius = 300 m; MacLen-
nan & Hsieh 2012). These active fraction areas are comparable
with those found for typical comets (A’Hearn et al. 1995).
5. Conclusions
Unfortunately, all of the available upper limits are consistent
with the predicted production rates required to drive the observed
dust production, and are therefore not constraining on theory –
water ice sublimation remains the most likely explanation for
the repeated activity of MBCs, but at a level below below cur-
rent detection limits. X-shooter limits on water production via
OH are similar to previous results using CN as a proxy, but have
the advantage of not relying on an unknown CN/H2O ratio for
MBCs. Our upper limits may be within one order of magnitude
of detecting outgassing, based on some reasonable assumptions,
but we will require a brighter MBC to make the first direct gas
detection with current technology. In a few years, the launch of
the James Webb space telescope will give a powerful direct way
to study water outgassing from comets; it is expected to be sen-
sitive enough to detect the water escaping from MBCs (Kelley
et al. 2016).
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